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S1. Synthesis of CdSe-core/CdS-shell QDs 
CdSe-core/CdS-shell QDs were synthesized in two steps: synthesizing CdSe cores and the 
coating of the CdS shell. In the CdSe core synthesis, cadmium myristate and selenium dioxide 
were used as cadmium precursor and selenium precursor, respectively. They were dissolved 
in octadecene and evacuated at room temperature for 10-15 min. After evacuating, the 
solution was heated to 240 
0
C within 10 min. When the temperature reached 220– 240 0C, the 
nucleation of CdSe cores was initiated and observed with the change of solution colour to 
yellowish. Then, the temperature of the solution was kept at 240 
0
C for the growth of CdSe 
cores until the desired size of CdSe cores was reached. Following that, we stopped the 
reaction by decreasing the temperature. Finally, as-synthesized CdSe cores were precipitated 
by using acetone and dissolved in hexane.  
For the coating of CdS shell, a certain amount of CdSe cores (100 nmol) dissolved in hexane 
was loaded to four-neck flask containing 3 mL octadecene and 3 mL oleylamine. Then, the 
solution was taken under vacuum at around 100 
0
C to remove hexane and any other organic 
residuals. After that, the temperature of the reaction solution was set to 310 
0
C for the coating 
of CdS shell under argon atmosphere. When the temperature reached around 240 
0
C, injection 
of calculated amount of cadmium precursor (cadmium oleate diluted in octadecene) and sulfur 
precursor (octanethiol diluted in octadecene) was started at the rate of 3mL/hr. After complete 
injection of shell precursors within two hours at 310 
0
C, the reaction was stopped with 
decreasing the temperature. As-synthesized CdSe-core/CdS-shell QDs were precipitated with 
acetone and dispersed in hexane.            
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S2. Open aperture z-scan measurement 
Giant two photon absorption (2PA) cross-section of the QDs has proven them to be promising 
for 2PA pumped lasers
[1–3]
.  Here, open aperture z-scan measurements were performed using 
1 mm quartz cuvette. The excitation pump source is an amplified femtosecond Ti:Sapphire 
laser system (Spitfire Pro XP, Spectra Physics) having 120 fs pulse width at 800 nm with 1 
kHz repetition rate. The following equation (S1)  is used to fit the measured open aperture z-
scan transmission measurements
[4]
: 
      (S1) 
T(z) is the normalized transmitted intensity as a function of sample position on z. I0 is the 
peak on-axis irradiance at the focus. β is the two-photon absorption coefficient. l is the cuvette 
length  (1 mm). z0 is the Rayleigh range (6 mm). Excitation per pulse energy is attenuated to 
3.12 µJ, which yields I0 ~1.399 10
16
 W/m
2
. Fitting of the measured transmission curve yields 
β as 4.16 10-15 m/W. Then, using (S2), we can calculate two photon absorption (2PA) cross-
section.  
      (S2) 
Here, hν is the energy of the excitation photons, NA is the Avagadro’s number and d0 is the 
molar concentration of the QDs. For CdSe-core/CdS-shell and CdSe QDs, σ2PA is 42,000 and 
11,000 GM, respectively. Figure S1 shows the open aperture z-scan measurement of the 
CdSe/CdS QDs along with the fit. The measurement of the solvent hexane is shown at the 
same experimental conditions, where there is no nonlinear absorption observed. 
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Figure S1. Open aperture z-scan measurement reveals the 2PA cross-section of the QDs as 
41,885 GM. Although this is not the highest reported 2PA cross-section for the QDs, the 
threshold for amplified spontaneous emission is the lowest among 2PA pumped QD gain 
media. This is only possible by the high gain performance of QD materials.  
 
S3. Calculation of average number of excitons per QD at the ASE threshold 
and measurement of the optical gain by variable striple length (VSL) 
measurements 
To calculate the absorption cross-section of the core/shell QDs, first we assumed that the 
absorption cross-section of the zinc-blende CdSe QDs is the same with their wurtzite 
counterparts at 3.54 eV and calculated their absorption cross-section by using the equation 
given by Leatherdale et al.
[5]
. For the shell growth, we used 100 nM of the CdSe core QDs as 
the seed (see SI section S1). By knowing the initial concentration and final volume of the as-
synthesized core/shell QDs, we prepared solutions with known concentration for both core-
only and core/shell QDs and measured their absorption spectra. Then, we employed Lambert-
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Beer’s law to calculate the absorption cross section of the as-synthesized core/shell QDs. For 
this, we assumed that all of the core QDs were coated by CdS and there is no homo-
nucleation of only CdS QDs. We justified this since we did not observe any absorption or 
emission from CdS QDs. 
To calculate the average number excitons per QD we utilize  and 
 for the 1PA and 2PA, respectively. f is the pump intensity; σ1PA and 
σ2PA are the 1PA and 2PA cross-sections, respectively; and τpulse is the pulse width of the 
excitation source. For the core/shell QDs that we employ here, σ1PA is 3.536 10
-14
 cm
2
 and 
σ2PA is measured as 41,885 GM by the open aperture z-scan measurement, the value is close to 
the 2PA cross-section previously reported to be 45,000 GM for CdSe/ZnS QDs 
[6,7]
. For the 
core only QDs, σ1PA is measured as 5.463 10
-15
 cm
2
. The <N> values at the threshold for 1PA 
and 2PA pumping are very close to each other (1.43 and 1.24), indicating that the ASE 
mechanisms are the same.  
Optical gain coefficient of the core/shell QDs was characterized by performing variable stripe 
length (VSL) measurement on the spin coated solid film of the QDs on quartz. Pump intensity 
was chosen to be four times of the 1PA-pumped ASE threshold corresponding to <N> ~5. 
Fitting of the data is performed according to the references.
[8,9]
 
     
6 
 
0.005 0.010 0.015 0.020 0.025 0.030
0.00
0.25
0.50
0.75
1.00
 
 
E
m
is
s
io
n
 i
n
te
n
s
it
y
 (
a
.u
.)
Variable stripe length (cm)
 
Figure S2. Variable stripe length measurement of the gain coefficient and the fit. 
 
S4. Time resolved fluorescence spectroscopy 
Figure 3 shows the fluorescence decay of the CdSe-core/CdS-shell and CdSe QDs at different 
pump intensities, thus different <N> per QD. Here, fluorescence decay components are 
presented for the CdSe-core/CdS-shell and CdSe QDs at different excitation intensities in 
Table S1 and S2, respectively. 
Table S1 | Fluorescence lifetime components and the corresponding amplitudes for the 
CdSe/CdS QDs at different pump intensities measured at peak emission wavelength of 626 
nm.  
<N> Ax τx (ns) Axx τxx (ns) 
0.023 0.86 35.00   
0.092 0.90 35.18   
1.234 0.92 35.20 0.31 1.27 
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Table S2 | Fluorescence lifetime components and the corresponding amplitudes for the zinc-
blende CdSe QDs at different pump intensities measured at peak emission wavelength of 567 
nm. 
<N> Ax τx (ns) Ass τss (ns) Axx τxx (ns) 
0.07 0.70 21.7 0.22 2.67   
0.14 0.68 22.1 0.20 3.52   
1.40 0.71 21.0 0.25 2.66 0.37 0.09 
 
 
S5. Explore the core/shell interface of CdSe/CdS QDs 
In order to explore the core/shell interface in the CdSe/CdS QDs, we performed x-ray 
photoelectron spectroscopy (XPS) on the thin film sample of the core/shell QDs. We recorded 
XPS spectra of the sample as we performed an etch depth study by slowly etching the sample 
with Ar
+
 ions (Thermo, K-Alpha Monochromated high-performance XPS spectrometer). 
Figure S3a shows the etch depth profile analysis of the atomic ratio of S to Se, where atomic 
percentages of S and Se are constructed from the XPS signal collected at S (2p) and Se (3d) 
peaks, respectively. In the initial etch depth region (etch depth step of 0-10 as shadowed by 
orange color), we observe a gradual change of the S/Se ratio, which is first a decrease then 
followed by an increase. The signal in this region came from the top QDs as shown in Figure 
S3b. Then, in the further etches (etch depth steps of 10-40 as shadowed by green color in 
Figure S3b), we achieved almost constant ratio (S/Se) of ~7-9. This indicates that after 
etching the top QDs, etching converges to an ensemble atomic ratio.  Considering the size of 
the QDs having core radius of 2.2 nm and CdS shell thickness of 1.8 nm (6 monolayer CdS), 
the expected S/Se ratio from the volume of the core and shell region would be 5.01. The 
difference observed between the XPS measurement and the volume calculation is due to the 
fact that photoelectrons are exposed attenuation in the core and the shell region of the QDs. 
As previously reported
[10–12]
, XPS can be precisely used to measure the layer thicknesses in 
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core/shell or core/multi-shell nanocrystals by considering the mean free path of the emitted 
photoelectrons. For this, the intensity attenuation of a photoelectron created away from the 
surface, within the material, should be considered. This attenuation is given as, 
     (S3) 
 
where dI is the infinitesimal intensity contribution from infinitesimal volume dv. z is the 
distance between the surface and the position of the emitted photoelectron and λ is the mean 
free path of the electron. I0 is a constant that depends on the physical material properties and 
instrumental factors. In the case of core/shell QDs, the instrumental factors will be the same 
except the material properties given by, 
      (S4) 
where ρ and M are the density and the molecular weight of each material.
 
 
Figure S3. (a) Etch depth profile analysis of the atomic ratio of S to Se. (b) Initial etched part 
(i.e., top QDs) and deeper etched part (i.e., ensemble region). 
 
 
Then, measured intensities of emitted photoelectrons from the core or the shell in the XPS 
measurement can be calculated by employing the following equation
[10]
 
    (S5) 
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where . Using spherical symmetry, the intensity ratio 
of the emitted photoelectrons from the shell (CdS) to the core (CdSe) is calculated by the 
following assuming that there is an abrupt core/shell interface (see Figure S4); 
    (S6) 
where Rc and Rs are the radii of the core and the whole QD, respectively. In our QDs, Rc is 
measured as 2.2 nm and Rs is 1.8 nm (6 monolayer of CdS) and mean free path (λ) is 1.8 nm 
for CdS 2p peak 
[10,11]
. Using these parameters, we calculated  ratio to be 12.90 assuming 
an abrupt core/shell interface. However, the measured  ratio by the XPS data is between 7 
and 9 (see Figure S3 for the ensemble region). Therefore, there is a discrepancy for the S to 
Se ratio when assuming abrupt core/shell interface. Here, diffusion of the Se atoms into the 
shell region would potentially result in lower  ratios. Therefore, we consider the presence 
of a gradient alloyed interface in our QDs (see Figure S4). We introduced an alloyed region 
having a width (walloy), where the atomic composition of Se and S changes linearly (i.e., linear 
gradient alloy of selenium and sulfur) as shown by the atomic composition in Figure S4. The 
 ratio is defined for the alloy case as follows: 
   (S7) 
where: 
     (S8) 
    (S9) 
     (S10) 
      (S11) 
 
Here,  is the atomic percentage of the sulfur atoms throughout the QD and is the 
atomic percentage of the selenium atoms. As shown in Table S3, we found that when alloyed 
region thickness walloy varies for 0.6, 0.9 and 1.2 nm (corresponding to 2, 3 and 4 monolayers), 
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 ratio become 8.97, 7.91 and 7.10, respectively. This observation strongly suggests that 
our QDs possess a gradient alloy CdSeS layer at the core/shell interface. Also, the width of 
the alloyed layer is expected to be between two and four monolayers of CdSe and CdS lattice 
(i.e., 0.6 to 1.2 nm). 
 
 
Figure S4. Alloyed vs. abrupt core/shell interface in CdSe/CdS QDs along with their atomic 
composition throughout the QD. 
 
Table S3 | Sulfur to Selenium ratio calculated by the volumes of the core and the shell, 
measured by XPS and calculated by Eq. S6 assuming abrupt core/shell interface and 
calculated by Eq. S7 assuming alloyed core/shell interface with varying alloy width. 
 IS/ISe ratio 
Volume ratio (VCdS/VCdSe) 5.01 
Measurement (XPS data) 7.0 – 9.0 
Calc. (abrupt core/shell interface, walloy = 0 nm) 12.90 
Calc. (gradient alloy, walloy = 0.6 nm) 8.97 
Calc. (gradient alloy, walloy = 0.9 nm) 7.91 
Calc. (gradient alloy, walloy = 1.2 nm) 7.10 
 
S6. The all-colloidal vertical-cavity surface-emitting laser  
 
ASE and lasing measurements: We employed an amplified femtosecond Ti:Sapphire laser 
system (Spitfire Pro XP, Spectra Physics) having 120 fs pulse width, 1kHz, at 800 nm 
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wavelength for 2PA experiments. For the 1PA experiments, BBO crystal was used to generate 
second harmonic frequency (400 nm wavelength) from 800 nm laser beam. The pump laser 
beams were focused onto the sample via a cylindrical lens of 20 cm focal length. For the ASE 
measurements, the stripe area is ~11.3 and 2.6 mm
2
 for 2PA and 1PA pumping experiments, 
respectively as measured by a beam profiler. 
Sample preparation: For the ASE measurements, we spin-coated the QDs (60-80 mg/mL) on 
pre-cleaned quartz substrates. The resulting film thickness was measured as ~430 nm.  
For the AC-VCSELs; SiO2 nanoparticle solution (Aldrich Ludox TMA 30w%, water) and 
TiO2 nanoparticle solution (Nanoamor Rutile TiO2 nanoparticles 15w%, water) were diluted 
with ethanol to have final concentrations of 3.5 w% and 5 w%, respectively. To fabricate the 
DBRs, we alternatively spin coated the nanoparticles at 4000 rpm for 1 min and annealed at 
200°C at each spin coating step. To accomplish the QD film in the Fabry Perot cavity, we 
deposited PMMA (PMMA 950 A9, 4000 rpm, 45 s) on top of the DBRs, deposited the QDs 
(60-80 mg/mL) via drop casting on one of the DBRs then placed the other DBR on top. Using 
epoxy, we fixed two DBRs to form the AC-VCSELs.  Figure S5 demonstrates the schematic 
of the all-colloidal vertical-cavity surface-emitting laser of the colloidal QDs.   
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Figure S5. Schematic of all-colloidal vertical-cavity surface-emitting laser (AC-VCSEL). 
QDs are sandwiched between two DBRs consisting of 10-bilayer SiO2/TiO2 nanoparticles.  
 
S7. ASE and lasing measurements and single mode/multimode AC-VCSELs 
Figure S6 demonstrates the single- and multi-mode lasing from the AC-VCSELs. Depending 
on the location of the pump spot on the AC-VCSEL, either single-mode or multi-mode lasing 
is observed when the pump intensity is above the threshold. This is attributed to the local 
thicknesses variation of the QD layer and varying local wedge angle. However, the threshold 
variation throughout the AC-VCSELs is minimal. The stability of the AC-VCSEL is also 
tested; the laser could operate without degradation for duration on the order of tens of minutes 
corresponding to >10
6 
pump pulses.  
 
Figure S6. Single- and multi-mode lasing in AC-VCSELs. Depending on the location of the 
pump spot on the AC-VCSEL, either single-mode or multi-mode lasing is observed when the 
pump intensity is above the threshold. 
 
S8. Optical constants of SiO2 and TiO2 spin casted nanoparticle films 
Furthermore, we have checked the refractive index of SiO2 and TiO2 nanoparticles using 
ellipsometer. Figure S7 shows the n, k values of these nanoparticles. In addition, absorption of 
the TiO2 nanoparticles is measured as shown by Figure S7.  
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Figure S7. Optical constants of SiO2 and TiO2 nanoparticle films and absorption of TiO2 
nanoparticles.  
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